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ABSTRACT
We determine the orbital eccentricities of individual small Kepler planets, through a combination of asteroseismology and
transit light-curve analysis. We are able to constrain the eccentricities of 51 systems with a single transiting planet, which
supplement our previous measurements of 66 planets in multi-planet systems. Through a Bayesian hierarchical analysis, we
find evidence that systems with only one detected transiting planet have a different eccentricity distribution than systems with
multiple detected transiting planets. The eccentricity distribution of the single-transiting systems is well described by the positive
half of a zero-mean Gaussian distribution with a dispersion σe = 0.32 ± 0.06, while the multiple-transit systems are consistent
with σe = 0.083+0.015−0.020. A mixture model suggests a fraction of 0.76
+0.21
−0.12 of single-transiting systems have a moderate eccentricity,
represented by a Rayleigh distribution that peaks at 0.26+0.04−0.06. This finding may reflect differences in the formation pathways of
systems with different numbers of transiting planets. We investigate the possibility that eccentricities are “self-excited” in closely
packed planetary systems, as well as the influence of long-period giant companion planets. We find that both mechanisms can
qualitatively explain the observations. We do not find any evidence for a correlation between eccentricity and stellar metallicity, as
has been seen for giant planets. Neither do we find any evidence that orbital eccentricity is linked to the detection of a companion
star. Along with this paper we make available all of the parameters and uncertainties in the eccentricity distributions, as well as
the properties of individual systems, for use in future studies.
Subject headings: planets and satellites: formation — planets and satellites: dynamical evolution and stability
— planets and satellites: fundamental parameters — planets and satellites: terrestrial planets
— stars: oscillations (including pulsations) — stars: planetary systems
1. INTRODUCTION
The known planets in the solar system have nearly circular
orbits, with a mean eccentricity (e) of 0.04. Gas giant exo-
planets show a wide range of eccentricities (e.g. Butler et al.
2006). The current record holder for the highest eccentricity
is HD 20782b, with e = 0.956 ± 0.004 (Kane et al. 2016).
Smaller exoplanets are not as well explored. It would be in-
teresting to constrain their eccentricity distribution, in order
to gain clues about their formation and evolution. A number
of physical processes can damp or excite orbital eccentricities
(e.g. Rasio & Ford 1996; Fabrycky & Tremaine 2007; Chat-
terjee et al. 2008; Juric´ & Tremaine 2008; Ford et al. 2008).
However, measuring eccentricities for small planets can be
difficult. The radial velocity (RV) signal associated with a
small planet is small, and in many cases undetectable with
current instruments. Even if the RV signal can be detected,
the eccentricity is one of the most difficult parameters to con-
strain, and is often assumed to be zero unless the data are of
unusually high quality (e.g. Marcy et al. 2014). Small planets
can be detected with the transit method, but the mere detec-
tion of transits usually does not provide enough information
to determine the orbital eccentricity. For short-period planets,
the relative timing of transits and occultations can be used to
Electronic address: vaneylen@astro.princeton.edu
constrain the eccentricity (Shabram et al. 2016). When transit
timing variations are detectable, they too can sometimes be
used to infer the underlying eccentricity (see, e.g., Hadden &
Lithwick 2014).
A method with wider applicability relies on accurate deter-
minations of the transit duration, the transit impact parameter,
and the stellar mean density. Many variations on this tech-
nique have been described in the literature (see, e.g., Ford
et al. 2008; Tingley et al. 2011; Dawson & Johnson 2012;
Kipping 2014b; Van Eylen & Albrecht 2015; Xie et al. 2016).
Many previous attempts to perform this type of analysis on
Kepler planets have been frustrated by the lack of accurate and
unbiased estimates of the stellar mean density (see, e.g., Sliski
& Kipping 2014; Plavchan et al. 2014; Rowe et al. 2014).
Using a subsample of Kepler systems with stellar mean
densities derived from asteroseismology, Van Eylen & Al-
brecht (2015) derived the eccentricity of 74 planets in multi-
planet systems, and found that the data are compatible with a
Rayleigh distribution peaking at σe = 0.049±0.013. Xie et al.
(2016) studied the eccentricity distribution of a larger sample
of Kepler planets. They used homogeneously derived spectro-
scopic stellar densities from the Large Sky Area Multi-Object
Fibre Spectroscopic Telescope (LAMOST) survey, which are
less precise than asteroseismic stellar densities, typically by
up to an order of magnitude, and were the dominant source of
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2 Van Eylen et al.
uncertainty. They found that systems with a single detected
transiting planet have an average eccentricity of ≈ 0.3, and
that systems with multiple detected transiting planets have a
significantly lower mean eccentricity of 0.04+0.03−0.04.
Here, we use asteroseismically derived stellar mean densi-
ties to derive eccentricities for individual transiting planets in
Kepler systems with only a single detected transiting planet.
We combine the results with our previous results for multi-
planet systems (Van Eylen & Albrecht 2015), to investigate
any possible differences between these two populations, as
well as to search for any correlations between eccentricity and
other planetary and stellar parameters. In Section 2, we de-
scribe the planet sample and analysis methods. The results
are presented in Section 3. In Section 4, we interpret the find-
ings and compare them with planet formation and evolution
models. We discuss our findings and compare them to previ-
ous work in Section 5, and draw conclusions in Section 6.
2. METHODS
2.1. Sample selection
To ensure accurate and precise stellar parameters, in partic-
ular mean stellar densities, we select a sample of planet can-
didates in single-planet systems for which the stellar parame-
ters were determined in a homogeneous asteroseismic analy-
sis (Lundkvist et al. 2016). This sample consists of 64 candi-
dates, of which 5 systems (KOI-1283, KOI-2312, KOI-3194,
KOI-5578, and KOI-5665) were excluded because fewer than
six months of Kepler short-cadence data are available and we
found that these systems had too few observed transits to de-
termine precise transit parameters. KOI-3202 was removed
because only a single transit was observed in short cadence.
KOI-5782 has only two transits observed in short cadence and
is also excluded. KOI-2659, KOI-4198, and KOI-5086 have
been flagged as false positives1 and removed from the sam-
ple. KOI-2720 shows a very strong spot signal, complicat-
ing the precise modeling of the transit, and we exclude this
system from further analysis. The remaining sample consists
of relatively bright stars (with a median Kepler magnitude of
11.5) with precisely determined stellar densities (with a me-
dian uncertainty of 4.5%). The accuracy of stellar properties
have been tested using independent constraints from interfer-
ometry (Silva Aguirre et al. 2017), parallaxes (Silva Aguirre
et al. 2012; Huber et al. 2017; Sahlholdt et al. 2018), as well
as common ages from binary systems (Silva Aguirre et al.
2017). The level of accuracy obtained for stellar radii, as they
are determined in Lundkvist et al. (2016) and used here, is
better than 5% (Sahlholdt et al. 2018). The latest Gaia release
indicates even better agreement with parallax, down to a level
of 3% (Sahlholdt & Silva Aguirre 2018). It is more difficult
to assess the accuracy for mass determinations, due to lack
of independent measurements, but the agreement of astero-
seismic ages of clusters with those determined by isochrone
fitting suggest accuracies better than 10% in mass (e.g. Stello
et al. 2016; Miglio et al. 2016; Brogaard et al. 2018).
Out of the 53 stars in our sample, 36 have a validated or con-
firmed planet, while 17 contain detected ‘planet candidates’.
A study of the average Kepler false positive rate by Morton &
Johnson (2011) find it to be below 10% for most systems, and
a further study by Fressin et al. (2013) measured it to be 9.4%.
Similarly, a Spitzer follow-up study of Kepler planets found
that at least 90% of the Kepler signals are planetary (De´sert
1 See the NASA Exoplanet Archive, https://exoplanetarchive.
ipac.caltech.edu.
et al. 2015). Furthermore, our sample consists of very bright
stars, which are observed to have a false positive rate several
times lower than fainter stars (De´sert et al. 2015).
Morton et al. (2016) calculate false positive probabilities
(FPPs) for individual KOIs, where values above 1% are typi-
cally deemed insufficient to validate an individual system. We
list the values for the unconfirmed planets in our sample in Ta-
ble 1. KOI-1537 and KOI-3165 have a FPP of 1, implying that
they are likely false positives. We exclude these systems from
our sample. All other candidates have low FPPs, suggesting
our remaining sample has very few, if any, false positives: the
combined FPP of all retained systems is 0.54, suggesting that
our sample contains no more than one or two false positives.
While our sample consists exclusively of systems with a
single detected transiting planet, some or all of these systems
may nevertheless have additional undetected planets. In fact,
in several cases, there is evidence of additional planets: six
of the candidates exhibit TTVs (see Table 2) and several of
the other candidates have long-term RV variations indicative
of distant planets. In this work, when we investigate ‘sin-
gle planet’ systems, this will normally mean planets with a
single detected transiting planet, and we use the term ‘sin-
gle tranets’, originally coined by Tremaine & Dong (2012), to
make this point more explicit when appropriate.
TABLE 1
The candidate planets in our sample that have not been previously
validated or confirmed, and their false positive probability (FPP).
KOI FPP1
KOI-75b 0.017 ± 0.027
KOI-92b 0.091 ± 0.011
KOI-268b 0.015 ± 0.003
KOI-269b 0.023 ± 0.013
KOI-280b 0.017 ± 0.003
KOI-288b 0
KOI-319b 0.041 ± 0.024
KOI-367b 0.030 ± 0.025
KOI-974b 0.0042 ± 0.0058
KOI-1537b 1
KOI-1962b 0.036 ± 0.004
KOI-1964b 0.13 ± 0.01
KOI-2462b 0.060 ± 0.009
KOI-2706b 0
KOI-2801b 0.00002
KOI-3165b 1
KOI-3168b 0.071 ± 0.015
Notes. The FPP is estimated using vespa (Morton et al. 2016). With
the exception of KOI-1537b and KOI-3165b, which are further excluded
from our sample, the false positive probalities are low.
2.2. Eccentricity modeling
The eccentricity of the planet candidate systems is analyzed
following the procedure by Van Eylen & Albrecht (2015),
with the key aspects of the analysis method summarized here.
Kepler short cadence observations are reduced starting from
the Presearch Data Conditioning (PDC) data (Smith et al.
2012), and the planetary orbital period is determined together
with any potential transit timing variations (TTVs). The latter
is important, as not taking into account TTVs has the poten-
tial to bias the eccentricity results (see Van Eylen & Albrecht
2015, for a detailed analysis of the influence of TTVs). We
correct for dilution due to nearby stars following Furlan et al.
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(2017), who look for nearby (within 4′′) companion stars us-
ing high-resolution images compiled from other surveys (e.g.
Howell et al. 2011; Adams et al. 2012; Dressing et al. 2014;
Law et al. 2014; Baranec et al. 2016; Ziegler et al. 2017).
For most systems, the flux contribution of these nearby stars
is negligible, but for six systems the ‘planet radius correction
factor’ derived by Furlan et al. (2017) is larger than 1%. These
systems (and their planet radius correction factor) are KOI-
42 (Kepler-410, 3.5%), KOI-98 (31.7%), KOI-1962 (33.2%),
KOI-288 (4.4%), KOI-1537 (38%), and KOI-1613 (14.1%).
Finally, in six systems, we find TTVs, which are listed in Ta-
ble 2.
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Fig. 1.— The observed minus calculated transit times are shown for systems
with detected TTVs. We fit a sinusoidal model to the O-C times.
The data are phase folded, making use of the determined
period and a sinusoidal TTV model when TTVs are de-
tected (see Figure 1). The transits are then modeled using a
Markov Chain Monte Carlo (MCMC) algorithm, specifically
an Affine-Invariant Ensemble Sampler (Goodman & Weare
2010) implemented in Python as emcee (Foreman-Mackey
et al. 2013). We use the analytical equations by Mandel &
Agol (2002) to model the transit light curves. Eight parame-
ters are sampled, i.e. the impact parameter (b), planetary rel-
ative to stellar radius (Rp/R?), two combinations of eccen-
tricity e and angle of periastron ω (
√
e cosω and
√
e sinω),
the mid-transit time (T0), the flux offset which sets the nor-
malization (F), and two stellar limb darkening parameters (u1
and u2).
All parameters are sampled uniformly, i.e. using a flat prior,
with the exception of the limb darkening coefficients. For the
limb darkening coefficients, we used a Gaussian prior cen-
tered at values predicted from the table of Claret & Bloe-
men (2011) with a standard deviation of 0.1. We sample in√
e cosω and
√
e sinω rather than in e and ω directly to avoid
a bias due to the boundary condition at zero eccentricity (see
e.g. Lucy & Sweeney 1971; Eastman et al. 2013).
Although we use the Mandel & Agol (2002) equations to
model the transits, it is conceptually useful to refer to an
approximate equation for the transit duration (see e.g. Winn
TABLE 2
Overview of the period and amplitude of sinusoidal transit timing
variations. The transit times and the best model fits are shown in
Figure 1.
TTV period [d] TTV amplitude [min]
Kepler-410A b 1055 14.4
KOI-75b 1892 21.7
KOI-92b 756 4.1
Kepler-510b 884 7.1
KOI-319b 515 16.3
Kepler-805b 154 23.9
2010),
T =
 3pi2G Pρ? (1 − b2)3/2
(
1 − e2
)3/2
(1 + e sinω)3

1/3
, (1)
which is valid for Rp  R?  a. Here, T is the time between
the halfway points of ingress and egress, G the gravitational
constant, P the orbital period, ρ? the mean stellar density, and
a the semi-major axis. The final factor in Equation 1 is some-
times referred to as the density ratio, referring to the ratio be-
tween the host star’s true density and the ‘density’ derived
from the light curve assuming a circular orbit, although the
latter is not physically a stellar density. We prefer to refer to
the duration ratio,
T
Tcirc
=
√
1 − e2
1 + e sinω
. (2)
Here, T is the measured transit duration (as above), and Tcirc
is the calculated transit duration of a planet on a circular or-
bit with the same host star, orbital period, and impact pa-
rameter. Equation 1 shows that to calculate Tcirc we need
to know the period, impact parameter, and mean stellar den-
sity. The orbital period is known precisely from the measured
times of individual transits. The mean stellar densities in our
sample come from asteroseismology (see Section 2.1). The
impact parameter can be derived by fitting the transit light
curve, although the uncertainty in the impact parameter can
be strongly covariant with that of the transit duration – hence
the importance of the MCMC modeling procedure described
above, in which all the parameters and their covariances are
determined.
Measurement of the impact parameter is prone to obser-
vational biases (Van Eylen & Albrecht 2015), e.g. dilution
due to nearby stars, or TTVs, which is why these effects are
taken into account, as described above. In addition to cor-
recting for TTVs ourselves, we also cross-check our sample
with the TTV catalogue by Holczer et al. (2016). For KOI-
42 (Kepler-410), KOI-75, and KOI-319, the TTVs we mea-
sured were also detected by Holczer et al. (2016). For KOI-
374, Holczer et al. (2016) find TTVs with a very long orbital
period (1388 days). However, only four of the transits were
observed in short-cadence and they are best fitted with a lin-
ear trend, which is absorbed into the calculated orbital period.
We find evidence of TTVs in KOI-92, KOI-281 (Kepler-510),
and KOI-1282 (Kepler-805; see Figure 1), which were not de-
tected by Holczer et al. (2016). As a robustness check, we also
modeled these systems without including TTVs and found no
significant effect on the derived eccentricities.
To check for any bias affecting the impact parameter mea-
surements, we can check its distribution. For a random sam-
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ple of transiting planets, the distribution of impact parameters
is expected to be approximately flat between zero and one,
although higher impact parameter values are suppressed be-
cause they correspond to a lower signal-to-noise ratio (Kip-
ping & Sandford 2016). A histogram of the modes of the
impact parameters for the planets in our sample is shown in
Figure 2, and they appear roughly uniformly distributed. To
quantify this, we run a Kolmogorov-Smirnov test comparing
the best values for the impact parameters to a uniform distri-
bution, and find a test statistic of 0.11 and a p-value of 0.57,
which indicates that we cannot reject the null hypothesis that
impact parameters are uniformly distributed between 0 and 1.
As a final consistency check, we can look at the distribu-
tion of the duration ratio (Equation 2). For circular orbits,
the duration ratio is always one. For low eccentricities, a dis-
tribution around unity is expected. In Figure 2, we plot the
distribution of the duration ratio for a uniform distribution of
eccentricity between 0 and 0.2, with uniform angles of pe-
riastron (assuming we do not occupy a special place in the
universe) corrected for the transit probability which is pro-
portional to (1 + e sinω)/(1 − e2) (e.g. Barnes 2007; Kipping
2014a). Here, we find a peak in the duration ratio distribution
at unity, with values distributed roughly evenly on both sides,
i.e. 52% are below unity and 48% are above. We overplot
the observed duration ratios in Figure 2, and find the same
features, i.e. a peak at unity, 28 duration ratios below unity
and 23 above, revealing no obvious biases. The eccentricity
distribution is further analyzed in Section 3.2.
3. RESULTS
3.1. Individual systems
Table 4 gives the eccentricity constraints for the 51 single-
tranet systems in our sample. Some individual systems are
briefly discussed in Appendix A. Figure 3 gives an overview
of the eccentricity measurements as a function of orbital
period, with the symbol size proportional to planet radius.
Planet candidates and confirmed planets are distinguished
with different symbols.
At short orbital periods (e.g. P < 5 days), most planets
show low orbital eccentricities, consistent with zero, as ex-
pected due to tidal circularization. There are a few exceptions.
HAT-P-11b shows a moderate eccentricity, which is also ob-
served with radial velocity measurements (Bakos et al. 2010),
and Kepler-21b may also exhibit a moderate eccentricity. At
face value, Kepler-408b shows a significant eccentricity, but
caution is warranted as its orbit is consistent with zero eccen-
tricity within 95% confidence.
In Figure 4, we show our eccentricity measurements to-
gether with eccentricity measurements determined using ra-
dial velocities, as well as with the eccentricities of transiting
multi-planet systems (Van Eylen & Albrecht 2015). We es-
timate the masses of the transiting planets from the radius,
following Weiss et al. (2013) and Weiss & Marcy (2014). We
show only planets with orbital periods longer than five days,
to avoid being dominated by tidally circularized systems.
3.2. Eccentricity distribution
3.2.1. Hierarchical inference procedure
We now determine the overall distribution of orbital eccen-
tricities. To do so, we employ a hierarchical inference proce-
dure outlined by Hogg et al. (2010) and further developed by
Foreman-Mackey et al. (2014) (see Section 3 therein). In this
method, we directly use the posterior distribution of eccen-
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Fig. 2.— Top: histogram showing the modal values for the impact param-
eter for the planets in our sample. Impact parameters should be distributed
approximately uniformly, which serves as a check for the modeling. Bottom:
histogram showing the duration ratio, which is a combination of eccentricity
and angle of periastron that transits can constrain. As an illustration, we over-
plot the duration ratio distribution for a uniform distribution in eccentricity
between 0 and 0.2, with randomly chosen angles of periastron (corrected for
the transit probability).
tricities determined from our MCMC fitting procedure (see
Section 2.2) to individual planets to infer the distribution of
eccentricities for a sample (or subsample) of planets. The
likelihood function of the observed set of eccentricities for
all individual planets, given a distribution of eccentricities for
the sample described by parameters θ, assuming that the ec-
centricity of planets orbiting different stars is independent, is
given by (Foreman-Mackey et al. 2014)
p(obs|θ) ∝ 1
N
K∏
k=1
N∑
n=1
p(enk |θ)
p(enk |α)
. (3)
Here, p(enk |θ) is the probability density of a certain eccen-
tricity (e) given the model with parameters θ – we will proceed
to try several different models, such as a Gaussian and a Beta
distribution. p(enk |α) is the prior probability of this value. In
our case, this is simply a constant, as we assumed uniform
priors for the eccentricity (see Section 2.2). These values are
multiplied over K different exoplanets, and summed over N
different posterior values for each planet.
We then determine the parameters θ of the eccentricity dis-
tribution by optimizing the likelihood p(obs|θ). We multiply
by a uniform prior on the parameters θ and use the MCMC
algorithm with affine-invariant sampling, emcee (Foreman-
Mackey et al. 2013), to sample the posterior, and use 10 walk-
ers each carrying out 10,000 steps, including a burn-in phase
of 5,000 steps. We report median values and 68% highest
probability density limits. In all cases, we impose a uniform
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Fig. 3.— Overview of our sample. The measured orbital eccentricities are plotted as a function of orbital period. The symbol size is proportional to the planet
radius. Open circles represent planet candidates, while filled circles represent confirmed planets.
10 2 10 1 100 101 102 103 104
Mass [M ]
0.0
0.2
0.4
0.6
0.8
1.0
E
cc
en
tr
ic
ity
Solar system
Multi-planet systems 
Van Eylen & Albrecht 2015
RV planets
Single transiting planet 
This Work
Fig. 4.— The eccentricity and mass measurements for exoplanets are plotted as taken from exoplanets.org on 8 December 2017, for planets where both values
are determined through radial velocity. For comparison, the solar system is shown. The eccentricities of multi-planet systems determined by Van Eylen &
Albrecht (2015) are shown in blue and the eccentricities of the planets in our sample are plotted in red, with the planet masses estimated based on radius (Weiss
et al. 2013; Weiss & Marcy 2014). In all cases, only planets with orbital periods longer than five days are plotted.
6 Van Eylen et al.
prior on the distribution parameters. For the posterior dis-
tribution of the individual planets, we randomly select 100
posterior samples for each planet, to ensure computational
tractibility.
3.2.2. Simple eccentricity distribution
We use the mechanism described in Section 3.2.1 to model
the empirical distribution of eccentricities, which we later
compare to simulations (see Section 5). Because the eccen-
tricity excitation mechanisms may be different for Earth and
super-Earth systems than for systems with transiting Jupiters,
from here on, we limit the sample to small planets (R < 6 R⊕),
and to avoid the possible influence of tides we further only
take long orbital periods (P > 5 days). We look into short-
period planets in Section 3.2.5, where we also test the sen-
sitivity to the cut-off period, and investigate giant planets in
Section 3.2.6.
We try to fit several different distributions to the observed
eccentricities. We fit these to the single-tranet systems mea-
sured here, and separately to the multi-tranet systems in Van
Eylen & Albrecht (2015). As a simple case, we try a Rayleigh
distribution, which has a single parameter σ. We find σ =
0.24+0.04−0.04 for the single-tranets, and σ = 0.061
+0.010
−0.012 for the
multi-tranets. The latter is comparable to σ = 0.049 ± 0.013,
as determined by Van Eylen & Albrecht (2015). However, un-
like the procedure described in Section 3.2.1, the fitting proce-
dure in Van Eylen & Albrecht (2015) used only best-fit values
and did not take into account the posterior distributions of the
eccentricity observations.
With eccentricities close to zero, we also try a half-
Gaussian distribution, i.e. the positive half of a Gaussian dis-
tribution that peaks at zero. We fit for the width of the distri-
bution, and find σ = 0.32+0.06−0.06 and σ = 0.083
+0.015
−0.020 for single-
tranet and multi-tranet systems, respectively.
The use of a Beta distribution has also been advocated in
the context of orbital eccentricities (e.g. Kipping 2013), which
has the advantage of mathematically flexible properties. This
makes it suitable to look for differences in the underlying dis-
tribution, without knowing its exact shape, and also conve-
nient to use as a prior in (future) transit fits. Such a distri-
bution has two parameters, i.e. θ = {a, b}. For single-tranet
systems, we find {1.58+0.59−0.93, 4.4+1.8−2.2}, while for systems with
multiple transiting planets we find {1.52+0.50−0.85, 29+9−17}.
We fit a mixture model which contains a half-Gaussian
and a Rayleigh distribution, where the former captures low-
eccentricity systems, while the latter can encapsulate higher-e
planets. We are fitting for θ = {σGauss, σRayleigh, fsingle, fmulti},
i.e. the width of the half-Gaussian, the Rayleigh parameter,
and the fraction of the Gauss and Rayleigh components, for
single- and multi-tranet systems respectively. Here, f = 0 in-
dicates a pure half-Gaussian distribution, and f = 1 a pure
Rayleigh distribution.
We find θ = {0.049+0.017−0.024, 0.26+0.04−0.06, 0.76+0.21−0.12, 0.08+0.03−0.08}.
These results are consistent with the simple distributions de-
rived above: the majority of single-tranet systems have a
significant eccentricity, while almost all multi-tranet systems
have low eccentricities.
We show all these distributions in Figure 5 and summarize
their parameters in Table 3. We do not advocate for one model
over another, and report the parameters for all the models we
have tested. In all these cases, we find a clear difference in
the eccentricity distribution between single- and multi-tranet
systems.
All these distributions show a similar behavior, except at
zero eccentricities. As can be seen from Figure 5, the flex-
ible Beta distribution also allows for a range of probability
densities at zero eccentricity. We show what this distribution
looks like in duration ratio space (see Equation 2), by match-
ing the eccentricity distribution to random (uniform) angles
of periastron ω, and weighing them by the transit probabil-
ity. This is shown in Figure 6, together with best (median)
values for the duration ratio for our sample of planets as well
as the multi-tranet systems. Although our fitting procedure is
more complex than simply comparing best values (see Sec-
tion 3.2.1), it is reassuring to see that the fitted distributions
match the overall shape of the observed duration ratios. As a
final consistency check, we also plot a simple histogram of ec-
centricities, simply using best value estimates rather than the
full posteriors we adopted in the hierarchical Bayesian proce-
dure here. This is shown in Figure 7. A clear overdensity of
low-eccentricity planets is seen for multi-tranet systems, con-
sistent with the results of the hierarchical Bayesian methods,
which use the full posterior distribution of individual systems.
3.2.3. Planet candidates and confirmed planets
Is the eccentricity distribution influenced by the presence
of planet candidates, i.e. objects that have not yet been con-
firmed as bona fide planets? The multi-planet systems by Van
Eylen & Albrecht (2015) consist nearly exclusively of con-
firmed planets, but the single-tranet systems observed contain
17 planet candidates out of 53 systems.
As argued in Section 2.1, we estimate that this sample con-
tains at most one or two false positives. This leads us to won-
der if the results are being skewed by one or two outliers.
To test this, we remove the two systems with the highest ec-
centricity posterior, i.e. KOI-367b and KOI-1962b, both un-
confirmed planet candidates. For simplicity, we compare the
results for a half-Gaussian distribution. For this distribution,
we now find σ = 0.24+0.05−0.06, consistent with the value for the
full distribution within 1.5σ (see Table 3). Thus, the results
do not seem to be especially sensitive to the few points with
the highest eccentricities.
To further investigate if false positives could influence our
result, we exclude all planet candidates from the sample,
and only model the confirmed planets. Again comparing a
half-Gaussian distribution, we find σ = 0.27+0.06−0.08 and σ =
0.083+0.016−0.020, for single- and muli-tranet systems, respectively.
Both results are consistent at the 1σ level with the values
found for the full sample (see Table 3), again suggesting that
false positives are not responsible for the observed differences
between multis and singles.
3.2.4. Planet size and orbital period for singles and multis
We also investigate the role of planet size on orbital eccen-
tricity. Single-tranet systems and multi-tranet systems may
have systematically different planet size distributions (see
Figure 4). This raises the possibility that the observed differ-
ence between single- and multi-tranet systems is a side effect
of the different planet size distributions. To enforce a similar
distribution for planet radius, we divide the sample into bins
of 1 R⊕, between 1 and 6 R⊕, and select an equal number of
single-tranet and multi-tranet systems in each bin, which leads
to a sample of 26 planets in each category, with the same dis-
tribution of planet sizes.
We apply the modeling procedure described above on these
new subsamples and for a half-Gaussian distribution, we find
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TABLE 3
Eccentricity distributions
Distribution Parameters Best Values
Rayleigh {σsingle, σmulti} {0.24+0.04−0.04, 0.061+0.010−0.012}
Half-Gaussian {σsingle, σmulti} {0.32+0.06−0.06, 0.083+0.015−0.020}
Beta {asingle, bsingle, amulti, amulti} {1.58+0.59−0.93, 4.4+1.8−2.2, 1.52+0.50−0.85, 29+9−17}
Mixture {σGauss, σRayleigh, fsingle, fmulti} {0.049+0.017−0.024, 0.26+0.04−0.06, 0.76+0.21−0.12, 0.08+0.03−0.08}
Notes. Details for the fitting parameters are provided in Section 3.2.2. Only planets with R < 6 R⊕ and P > 5 days are included. The best values are median
values and 68% highest probability density intervals.
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Fig. 5.— The best fit distributions to the multi- and single-tranet systems. The colored area represents a 68% confidence interval of the distribution, and the thick
line shows the median value. Top left: a Rayleigh distribution. Bottom left: a half-Gaussian distribution. Top right: a Beta distribution. Bottom right: mixture
model with a half-Gaussian and a Rayleigh component.
σ = 0.34+0.07−0.07 and σ = 0.060
+0.019
−0.030 for single-tranet and multi-
tranet systems, respectively. These results are consistent at
about 1σ with the distributions determined for the full sam-
ple, as listed in Table 3. The difference between single- and
multi-tranet systems remains the same. We conclude that dif-
ferences in planet size are not likely to be responsible for
the different eccentricity distributions inferred for single- and
multi-tranet systems.
The orbital period distributions of single- and multi-tranet
systems are very similar, but we nevertheless apply the same
procedure to test the influence of this parameter. We divide
the sample into bins with a width of 0.5 in the logarithm (base
10) of the orbital period, between 0.5 and 2.5. We select an
equal number of single- and multi-tranet systems in each bin,
to generate a subsample of 29 single- and 29 multi-tranet sys-
tems. Once again, comparing a half-Gaussian distribution, we
find σ = 0.33+0.05−0.07 and σ = 0.096
+0.022
−0.027 for single-tranet and
multi-tranet systems, respectively. These values are consis-
tent within 1−2σ with the distribution determined for the full
sample (see again Table 3).
3.2.5. Short-period planets
So far, we have limited our sample to systems with P >
5 days. We excluded the short-period systems because they
are likely to have been influenced by tidal circularization. We
now model the systems with P < 5 days (while still retaining
the same upper limit on the radius of 6 R⊕). There are 13 such
single-tranet systems and 6 such multi-tranets. For a half-
Gaussian distribution, we find σsingle = 0.10+0.03−0.05 and σmulti =
0.04+0.03−0.04. As expected, the orbital eccentricity peaks closer to
zero, validating our choice to exclude these systems from our
previous analysis. It appears that single-tranet short-period
systems may be slightly more eccentric than multi-tranet short
period systems, but the distributions are consistent at the 1σ
level.
To check whether a period of 5 days is a sensible cut,
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Fig. 6.— Comparison of the duration ratio for single-tranet and multi-tranet
systems. The colored histogram bars show the median values for each planet,
for P > 5 days and R < 6 R⊕. The dashed line is calculated based on the
best fitting mixture model, with uniformly distributed angles of periastron,
but after correcting for the transit probability. Note that this is not a direct
fit, as the fitting procedure includes the full posterior distributions rather than
best values.
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Eccentricity
0
2
4
6
D
en
si
ty
Multi-planets (Van Eylen & Albrecht 2015)
Single Transiting Planet
Fig. 7.— Histogram showing the eccentricity distribution for systems with
multiple transiting planets and systems with a single transiting planet. The
bins have an arbitrarily chosen width of 0.075. To mitigate the influence of
the bin width, we also show a kernel density estimate (colored lines), where
the width was determined using Scott’s rule. Multi-planet systems clearly
have a higher density of low eccentricities. This histogram only uses best
values for illustration, to determine the eccentricity distribution we use the
full posterior distribution instead (see Section 3.2.1).
we check what happens to the overall eccentricity distribu-
tion if we only include planets at P > 10 days. For a
half-Gaussian distribution, we now find σsingle = 0.36+0.06−0.08
and σmulti = 0.09+0.01−0.04. These values are slightly larger
(i.e. more eccentric) than when a cut-off at P = 5 days is
used (see Table 3), but consistent at the 1σ level. Simi-
larly, if we use a mixture model for P > 10 days, we find
θ = {0.042+0.018−0.023, 0.27+0.04−0.05, 0.82+0.18−0.09, 0.10+0.050.09 }, entirely con-
sistent with the same model for P > 5 days, as listed in Ta-
ble 3, so that the conclusions about single- and multi-tranet
systems are not affected by the exact choice of cut-off period
for short-period planets.
3.2.6. Giant planets
Finally, we investigate planets with R > 6 R⊕. In our single-
tranet sample, there are only five such systems at P > 5 days,
all of them ‘warm Jupiters’, i.e. KOI-75b, Kepler-14b, KOI-
319b, Kepler-643b, and Kepler-432b. There are three such
planets among the multi-tranet systems, i.e. Kepler-108b and
c, and Kepler-450b.
For a half-Gaussian distribution, we find σsingle = 0.31+0.11−0.14
and σmulti = 0.13+0.13−0.08. If we look at the individual systems,
it appears that Kepler-643b and Kepler-432b have a signifi-
cant and non-zero eccentricity. For Kepler-108b and c, the or-
bital eccentricity was measured to be 0.22+0.19−0.12 and 0.04
+0.19
−0.04,
respectively, by Van Eylen & Albrecht (2015). An analysis
of the TTVs of this system finds an orbital eccentricity of
0.135+0.11−0.062 and 0.128
+0.023
0.019 , for planet b and c, respectively,
and a significant mutual inclination between the planets (Mills
& Fabrycky 2017). The other systems appear to have orbital
eccentricities consistent with zero. With only a small sample
of systems, it is difficult to draw any conclusions.
Finally, our sample of single-tranet systems consists of
three hot Jupiters, i.e. P < 5 days and R > 6 R⊕. For these, we
find a half-Gaussian distribution with σ = 0.012+0.010−0.011, as can
be expected from tidal circularization. The multi-tranet sam-
ple contains only a single system meeting these criteria (i.e.
KOI-5b), and its eccentricity posterior is poorly constrained.
3.2.7. True multiplicity of single-tranet systems
Single-tranet systems are not necessarily single-planet sys-
tems. The true multiplicity of systems is unknown, as un-
detected planets may always reside in the system. However,
in some cases TTVs or RVs reveal the presence of additional
planets. We have detected clear TTVs for six of the systems
in our sample (see Table 1), four of which are at P < 5 days
and Rp < 6 R⊕.
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Fig. 8.— The eccentricity of the single-tranet systems as a function of orbital
period, for P > 5 days and Rp < 6 R⊕. Systems with additional detected
bodies are flagged in color. The systems with non-transiting companions
detected from TTV measurements are shown in blue triangles. Systems with
a detected companion through the RV method are shown in green squares.
In grey squares, we show the systems where RV follow-up observations have
been published, but no companion has been detected, while grey stars show
systems where no RV information is available.
The constraints on additional planets from RV monitoring
are less clear, because not all systems in our sample have re-
ceived the same level of RV observations. Three systems at
short orbital periods (Kepler-93, Kepler-407, Kepler-408) and
three systems with longer orbital periods (Kepler-95, Kepler-
96, Kepler-409) have been monitored by Marcy et al. (2014).
For two of the short period planets, massive long-period com-
panions were detected, Kepler-93 (M > 3 MJ and P > 5 yr)
and Kepler-407 (M sin i ≈ 5−10 MJ and P ≈ 6−12 yr), while
the other systems show no additional non-transiting planets
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(Marcy et al. 2014). For Kepler-93, Dressing et al. (2015) fur-
ther refine the orbital period and mass of the companion ob-
ject to be longer than 10 years and more massive than 8.5 MJ,
respectively.
TrES-2 has received some RV monitoring with no detected
companion (O’Donovan et al. 2006). HAT-P-7b has a de-
tected long-period companion (Winn et al. 2009). HAT-P-11
has a companion (Bakos et al. 2010; Yee et al. 2018). RV ob-
servations of Kepler-4 revealed no companion (Borucki et al.
2010).
Kepler-22 received some RV monitoring with a year-long
baseline, with no detected signal (Borucki et al. 2012). Moni-
toring of Kepler-7 (Latham et al. 2010), Kepler-14 (Buchhave
et al. 2011), and Kepler-21 (Lo´pez-Morales et al. 2016) re-
vealed no companions.
Quinn et al. (2015) detect a 406 day period companion to
Kepler-432b. Kepler-454 has two non-transiting companions,
one with a minimum mass of 4.46 ± 0.12 MJ in a 524 day
orbit, and a second companion with a mass larger than 12.1
MJ and period longer than 10 years (Gettel et al. 2016).
We summarize these observations in Figure 8. There is no
obvious pattern linking the presence of TTVs or RV compan-
ions to the eccentricity distribution. For the RV observations,
at periods longer than 5 days, companions are detected in two
systems, one with a significant and one with a low eccentric-
ity, whereas RV monitoring of other systems with both low
and higher eccentricities has shown no companions. With the
current data, we can therefore not find any correlation linking
the detection of a long-period companion to the observed ec-
centricity, as has been seen for more massive planets (Bryan
et al. 2016).
In contrast to RVs, TTVs are more sensitive to lower-mass
planets at shorter orbital periods, particularly when they are
in resonance. To our knowledge, for the systems in our sam-
ple only the TTVs of KOI-319b have actually been modeled.
Nesvorny´ et al. (2014) find a bimodal solution, with the outer
planet having an orbital period of either 80 or 109 days. In
both cases, KOI-319b and KOI-319c have low eccentricities,
consistent with our findings. In the first case, the mutual in-
clination between the planets would be 2.37+0.91−0.57 deg, while
in the other it would be 7.3+2.3−2.7 deg. The low mutual inclina-
tion, especially for the first mode, suggests this is a ‘typical’
dynamically cool system, with low eccentricities and low mu-
tual inclinations, where only the inner planet is observed to
transit due to its geometry.
The low eccentricities of KOI-75b and Kepler-805 suggest
their TTVs could be caused by a low eccentricity, low mutual
inclination companion. By contrast, KOI-92b, Kepler-410b,
and Kepler-510b show distinctly non-zero eccentricities. An
analysis of these TTVs to constrain the mutual inclinations
between these planets and their companions would be inter-
esting, but is beyond the scope of this study. If transit duration
variations (TDVs) are detected, then these can also be used to
constrain mutual inclinations.
Finally, we note that we detected TTVs in 6/50 single-tranet
systems, while Van Eylen & Albrecht (2015) detected TTVs
in 20/73 multi-tranet systems. Its unclear if this lack of TTVs
implies the single-tranet systems have a lower planet multi-
plicity, or if a detection bias (e.g. due to a different orbital
separation) is responsible for the lower number of TTV de-
tections.
4. COMPARISON WITH MODELS
We now investigate the physical processes that cause the
observed eccentricity distributions. In Section 4.1, we com-
pare our observations to simulations where eccentricities are
self-excited; in Section 4.2, we compare the observations to
simulations investigating the role of outer perturbing compan-
ions; and finally in Section 4.3, we look into the role of the
stellar environment.
4.1. Self-excitation
During in situ formation of super-Earths, proto-planets can
interact gravitationally, a process known as self-stirring. This
process can produce a difference in observed eccentricity dis-
tribution between single- and multi-tranet systems, because
formation conditions that excite eccentricities also produce
wider spacings and larger mutual inclinations, which result in
low tranet multiplicity (e.g. Moriarty & Ballard 2016; Daw-
son et al. 2016, MacDonald et al. in prep.).
A key disk property affecting the observed eccentricity and
multiplicity is the solid surface density. A higher solid sur-
face density leads to more proto-planet mergers while the gas
disk is still present, causing planets to end up on orbits with
smaller eccentricities, tight spacings, and low mutual inclina-
tions. Such dynamically cold systems tend to be observed as
multi-tranet systems with low eccentricities.
Another formation parameter that affects the final system
architecture is the radial distribution of disk solids. Disks
with shallower solid surface density profiles tend to produce
systems with fewer transiting planets and higher eccentricities
(Moriarty & Ballard 2016). In disks with shallower solid sur-
face density profiles, the embryos at larger semi-major axes
are more massive than embryos close to the star. These more
massive proto-planets gravitationally stir those that are closer
in, producing wider spacings and larger eccentricities and mu-
tual inclinations.
The self-stirring of planets formed in situ leads to eccen-
tricities limited to the ratio of the escape velocity from the
surface of the planet to the Keplerian velocity (e.g. Goldreich
et al. 2004; Petrovich et al. 2014; Schlichting 2014), because
subsequent close encounters lead to mergers rather than scat-
tering. The final collision tends to reduce the eccentricity fur-
ther (Matsumoto et al. 2015). As a result, typical maximum
eccentricities are of order 0.3.
In Figure 9, we compare the eccentricities from an en-
semble of in situ formation simulations to those observed.
This ensemble consists of 240 simulations. These models
are similar to Dawson et al. (2016), but use a distribution of
solid surface density normalizations that are weighted to best
match the observed period ratios, the ratios of transit dura-
tions between adjacent planets, and multiplicities of the ob-
served Kepler transiting planets (MacDonald et al. in prep.).
In addition, a more accurate planet detection probability is
used (KeplerPORTs, Burke & Catanzarite 2017) to transform
simulated planetary systems to ‘observed’ transiting planets,
rather than the simpler mass and period cut used by Daw-
son et al. (2016). The solid surface density radial slope is
set to −1.5. The gas depletion, d, relative to the minimum
mass solar nebula before the onset of rapid gas disk dispersal,
is set to d = 104. For the observations, we plot the best-fit
mixture distribution. This distribution is the most straight-
forward to interpret relative to simulations, as it contains a
high-eccentricity and a low-eccentricity component. The lat-
ter would be expected for single-tranet systems, because some
near-circular multi-planet systems with low mutual inclina-
tions will be observed as single-tranet systems, due to the
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transit geometry. Other observed distributions could be com-
pared to simulations as well, but our goal here is to make a
qualitative comparison between observations and simulations,
not a quantitative one, so that we plot only one best-fit distri-
bution for simplicity.
The simulated eccentricity distribution depends on the
adopted disk parameters. The disk parameters here were op-
timized to best fit Kepler period ratios, ratios of transit dura-
tions between adjacent transiting planets, and multiplicities,
and do not directly use any observed eccentricity distribution
(the ratio of transit duration depends primarily on relative or-
bital inclinations). As such, other model choices may poten-
tially result in a better match to the observed eccentricity dis-
tribution. As can be seen in Figure 9, the simulations can
broadly reproduce the observed eccentricity for single- and
multi-tranet systems. Changing the disk parameters would not
affect the maximum eccentricities produced by self-stirring or
eliminate the trend that the eccentricities in multi-transiting
systems are smaller. Changing the disk parameters would al-
ter the shape of the eccentricity distribution below that max-
imum value for both single and multi-tranet systems, but the
observed shape is not well constrained. Therefore, we can in-
terpret the observed eccentricity distribution as being broadly
consistent with self-stirring arising from in situ formation but
not as validating our choice of disk parameters. High eccen-
tricities, i.e. above ≈ 0.3, cannot be reproduced in this way.
4.2. Perturbations due to outer companions
Several authors have investigated the influence of exter-
nal companions on compact multi-planet systems containing
super-Earths and sub-Neptunes. They found that such pertur-
bations may explain why systems that appear to have fewer
transiting planets have a higher eccentricity, because per-
turbers excite eccentricity as well as increase the mutual in-
clination between planets, and because compact multi-planet
systems may be more resilient to outer perturbations (e.g. Lai
& Pu 2017; Pu & Lai 2018). Similarly, Huang et al. (2017)
investigated models in which the instability between multiple
giant planets at a large distance induces eccentricities of gi-
ant planets, and excites eccentricities of close-in super-Earths.
The increase of eccentricities in super-Earths are partly due to
close encounters with high eccentricity giant planets (see also
Mustill et al. 2017), and secular interactions with modest ec-
centric giant planets (see also Hansen 2017). If the end result
of giant planets interaction gives an eccentricity distribution
similar to those seen in radial velocity surveys, the median ec-
centricity of all survived systems is about 0.2. For those with
only one super-Earth remaining in the system, the median ec-
centricity can be as high as 0.44, with the eccentricity distri-
bution of the single super-Earth almost flat. In Figure 9, we
show the expected distribution of eccentricities for observed
single and multi-tranet systems following Huang et al. (2017),
and compare them with our best-fitted mixture distribution.
It is also possible to excite the eccentricity of inner super-
Earths using the inward migration of a single giant planet (see
e.g. Haghighipour 2013, Figure 4 therein). In this scenario,
planet embryos can be caught in the mean motion resonance
of a migrating giant planet, and undergo dynamic instability.
In the specific example demonstrated in Haghighipour (2013),
the eccentricity of the super-Earth can reach 0.3 at the end of
the simulation. However, it is unclear how often this is the
case and how strongly the result depends on the dissipation of
the gas disk.
If inner planets are perturbed due to outer giant compan-
ions, we can look for evidence of these companions, which
may not be transiting. We investigated the true multiplicity
of the single-tranet systems in Section 3.2.7, but within our
limited sample we find no evidence that additional bodies in
the system are related to the orbital eccentricity distribution.
Since the occurrence of giant planets is correlated with stellar
metallicity (e.g. Fischer & Valenti 2005), we can also look for
a correlation between orbital eccentricity and stellar metallic-
ity. This is shown in Figure 10, but we find no evidence of a
correlation (i.e. a Spearman rank coefficient of -0.14 with a
p-value of 0.47) Similarly, we also show stellar mass and ec-
centricity in Figure 10, and find no evidence for a correlation
between these parameters (Spearman rank coefficient of -0.13
and p-value of 0.51). More generally, there is evidence that
cold Jupiters are common around systems with inner super-
Earths (Zhu & Wu 2018).
4.3. Perturbations due to stellar environment
The birth environments of planetary systems may also
affect the observed multiplicity of exoplanetary systems.
Nascent planetary systems evolve in star cluster environ-
ments, where the number densities are a few orders of mag-
nitudes higher than in the Galactic field. Consequently, stel-
lar encounters are frequent, which in turn leads to the excita-
tion of orbital eccentricities and inclination, and even to planet
ejections (Cai et al. 2017). Through extensive direct N-body
simulations of multi-planet systems in star clusters, Cai et al.
(2018) showed that the multiplicity of a planetary system ex-
hibits an anti-correlation with the mean eccentricity and mean
inclination of its planets, and that this anti-correlation is inde-
pendent of the density of stars in the cluster. In this scenario,
systems with multiple planets are typically formed in the out-
skirts of parental clusters where external perturbations are
weak and infrequent. In contrast, single-transit systems are
dynamically hotter as they were formed in the high-density
regions of the cluster, and the strong external perturbations
not only lead to the excitation of orbital eccentricities and in-
clinations, but also reduce the (intrinsic) multiplicity.
However, while these simulations show the importance of
encounters at large orbital periods (i.e. several AU), future
simulations may clarify whether or not this mechanism can
influence the eccentricity and multiplicity of close-in super-
Earth systems, like the systems we consider here. It is also
possible that encounters have an indirect effect, i.e. through
their influence on outer planets, which in turn can affect the
inner planetary systems, as seen in Section 4.2.
Similarly, stellar binarity could potentially influence orbital
eccentricities. Stellar multiplicity influences the formation
and evolution of the protoplanetary disk (e.g. Haghighipour
& Raymond 2007; Andrews et al. 2010) and long-period giant
planets in binary star systems appear to have a higher eccen-
tricity (e.g. Kratter & Perets 2012; Kaib et al. 2013). Mann
et al. (2017) reported a possible correlation between observed
planet multiplicity, eccentricity and stellar multiplicity, in a
sample of eight M dwarf systems.
We check if stellar multiplicity has an influence on the ob-
served eccentricity, using the catalogue compiled by Furlan
et al. (2017) to check which of the stars in our sample have
an observed companion within 4 arcsec of the target star.
We mark such systems in Figure 10. Systems with nearby
stellar companions span the whole range of eccentricities,
from nearly circular planets to the most eccentric cases, and
no obvious difference can be seen between presumed single-
star systems and systems with detected stellar companions.
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Fig. 9.— Top: a histogram of eccentricities for single-tranet (green) and multi-tranet systems (blue), from an ensemble of in situ formation simulations in the
presence of residual disk gas (see Section 4.1). Geometric and detection biases are applied to the simulated sample. The best-fitted mixture distribution to the
observation (see Section 3.2.2) is overplotted with a dashed line. Bottom: similar to the top plot, but using simulations with outer companion perturbations
instead (see Section 4.2). Such pertubations have a higher-eccentricity tail. The best-fitted mixture distribution to the observation (see Section 3.2.2) is again
overplotted.
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Fig. 10.— The eccentricity of the single-tranet systems (Rp < 6 R⊕ and
P < 5 days) as a function of stellar metallicity (top) and stellar mass (bottom).
The systems are flagged as multi-stellar when they have a detected stellar
companion within 4 arcsec, as observed by Furlan et al. (2017). No clear
correlation between stellar metallicity and orbital eccentricity, stellar mass
and orbital eccentricity, or between multiplicity and orbital eccentricity can
be observed in our sample.
A two-sided Kolmogorov-Smirnov statistical test finds a test
statistic of 0.27 and a p-value of 0.59, which indicates we
cannot rule out the null hypothesis that the eccentricity distri-
bution of planets with and without a stellar companion is the
same. Similarly, an Anderson-Darling test for multiple sam-
ples results in a test statistic of −0.51 and a p-value of 0.60,
and we cannot reject the hypothesis that the eccentricity distri-
bution of planets with and without a stellar companion is the
same. Not all nearby stellar companions are bound to the pri-
mary star. Hirsch et al. (2017) find that at 1′′, 60-80% of com-
panions are bound, and that this number decreases for larger
separations. However, the chance alignment of a nearby star
should not influence the orbital eccentricity, so that chance
alignments should not directly affect our statistical test, but
may make it more difficult to observe an effect due to stellar
multiplicity.
In our sample, we find that roughly half (18/35) of the ob-
served planets with orbital periods longer than 5 days have
a detected stellar companion. As a robustness check, we in-
vestigate the multi-planet sample by Van Eylen & Albrecht
(2015), and find similar values: 12/24 have stellar compan-
ions detected by Furlan et al. (2017). Roughly 50% of stars
with a nearby stellar companion is a significantly larger frac-
tion than the 30% which is seen in the full sample of Furlan
et al. (2017), but the authors suggest that the true compan-
ion fraction may be higher due to sensitivity issues. Previous
work suggests that roughly half of Sun-like stars indeed have
stellar companions (Raghavan et al. 2010). Because our sam-
ple consists of relatively bright stars, amenable to asteroseis-
mology, we speculate that this contributes to the detectability
of stellar companions, where they may sometimes be missed
in other Kepler systems.
5. DISCUSSION
5.1. Comparison with previous work
Previous work has noted that Kepler single-tranet systems
are in some ways dynamically different than multi-tranet sys-
tems. Lissauer et al. (2011) first noted that a single population
that matches the higher multiplicity systems underpredicts the
number of tranet systems. By running a range of simulations,
tuning the distribution of intrinsic planet multiplicities and
mutual inclinations to the observed multi-tranet distribution,
Lissauer et al. (2011) underpredict the number of observed
single-tranet systems, and suggested for the first time that the
single-tranet systems contain a population of systems with ei-
ther a lower intrinsic multiplicity, a higher mutual inclination
between planets, or both. They found that a range of possible
distributions of mutual inclinations can match the observed
multiplicity of double-tranet and triple-tranet systems, this re-
quires mutual inclinations typically lower than 10◦, but such
models underpredict single-tranet systems, and indicate that
up to two-thirds of single-tranet systems come from a differ-
ent population.
However, these models typically assume only a few to-
tal planets (e.g. 3-4). Tremaine & Dong (2012) investigated
models that allowed for a very large number of planets (i.e.
dozens), and find that in such models, a wider range of mu-
tual inclinations can in fact reproduce the observations, up to
extreme cases such as an isotropic inclination distribution.
Hansen & Murray (2013) studied planet formation by sim-
ulating the assembly of planetary embryos for a disk of fixed
mass (20 M⊕ interior to 1 AU) by purely gravitational inter-
actions. They found that these simulations match the charac-
teristics of Kepler planets (i.e. inclination, multiplicity, and
planet spacing), but underpredict the number of single-planet
candidates by about 50%. Hansen & Murray (2013) attribute
this to unquantified selection effects, an independent process
that produces low-multiplicity systems, or additional pertur-
bations which reduce the multiplicity.
Similarly, Ballard & Johnson (2016) investigated the distri-
bution of single- and multi-tranet systems orbiting M dwarf
stars, by running a range of simulations featuring 1-8 planets
and a scatter in the mutual inclination of up to 10◦. They find
that 0.53 ± 0.11 of the single-tranet systems are either truly
single systems, or have additional planets with mutual inclina-
tions larger than those seen in compact multi-planet systems.
Along the same lines, Moriarty & Ballard (2016) simulated in
situ-planet formation with varying disk solid surface density
slopes and normalizations, compared these with observables
like the multiplicity and period distribution, and found that
high-multiplicity systems make up 24 ± 7% of planetary sys-
tems orbiting GK-type stars, a lower number than for M-type
stars.
While this “Kepler dichotomy” is often identified in terms
of parameters like planet multiplicity, radius, period and pe-
riod ratio, here we identify a clear difference in orbital eccen-
tricity between single and multi-transiting systems. This pro-
vides further evidence of a difference between single-tranet
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systems and multi-planet systems. However, whether or not
this should be interpreted as a ‘dichotomy’ rather than a con-
tinuous underlying distribution is unclear, i.e. a single mecha-
nism producing a range of orbital eccentricities and mutual
inclinations may produce an observed dichotomy between
single- and multi-tranets.
Xie et al. (2016) modeled the eccentricity distribution of
Kepler planets using transit durations for a larger but less
constrained sample. They found nearly circular multi-planet
systems, while single-tranet systems are modeled with a
Rayleigh distribution with σ = 0.32. This difference is ob-
served in this work as well, although we find a lower eccen-
tricity distribution for single-tranet systems when a Rayleigh
distribution is used (i.e. σ = 0.24+0.04−0.04 (see Table 3), which is
consistent at the 2σ level.
For multi-planet systems which exhibit TTVs, Hadden &
Lithwick (2014) find a rms eccentricity of 0.018+0.005−0.004, which
can be compared to σ = 0.061+0.010−0.012 for a Rayleigh distri-
bution fitting the multi-tranet systems – this value is higher,
but includes both systems with and without detected TTVs,
suggesting that TTV systems may have a lower typical eccen-
tricity.
At the short orbital period range, our measurements can be
compared with eccentricity measurements by Shabram et al.
(2016). They determined the eccentricity of short-period (gi-
ant) planets by timing the secondary eclipse relative to the
primary transit, and found that 90% of their sample can be
characterized with a very small eccentricity (≈ 0.01), while
the remaining planets come from a sample with a larger dis-
persion (0.22). We investigated eccentricities of short-period
planets in Section 3.2.5, and find similarly low eccentricities.
Finally, eccentricities have been determined using RVs, but
primarily for massive planets. For most systems in our sam-
ple, RV measurements are not available. Even when RV ob-
servations of small planets lead to mass measurements, the
orbital eccentricity can typically not be determined (see e.g.
Marcy et al. 2014). Wright et al. (2009) observed that systems
with masses higher than 1 MJ have eccentricities distributed
broadly between 0-0.6, while the eccentricities of lower-mass
planets are limited to below 0.2. Mayor et al. (2011) see RV
eccentricities limited to 0.45 below 30 M⊕, but caution for the
trustworthiness of low-eccentricity values in this region of pa-
rameter space. The sample investigated here, at R < 6 R⊕, is a
region of parameter space for which eccentricity observations
are at the edge of what is possible with current RV capabili-
ties.
5.2. Distinguishing the mechanisms
We have compared the eccentricities derived here to simu-
lations using several dynamical evolution scenarios (see Sec-
tion 4). In each of these scenarios, higher eccentricities are
expected for single tranets because processes that excite ec-
centricities also excite mutual inclinations and/or widen spac-
ings. How can we then distinguish between them?
Perturbations due to the stellar birth environment or stellar
multiplicity likely influence outer giant planets, but there is
currently no evidence they influence the close-in small plan-
ets investigated here. In the future, simulations focusing on
closer-in planetary systems would help investigate whether
the birth environment could influence this type of planetary
systems. Despite the availability of ground-based high reso-
lution follow-up of the systems investigated here, we find no
evidence that the presence of a close stellar companion influ-
ences orbital eccentricity (see Figure 10).
Eccentricity excitation due to self-gravity of multiple small
planets, and eccentricity excitation due to giant outer com-
panions are both able to qualitatively explain the observed
eccentricity distribution of single- and multi-tranets. Simu-
lations of each of these effects are both able to broadly match
the observed distributions (see Figure 9). Nevertheless, these
mechanisms make different predictions at high orbital eccen-
tricities: self-stirring has difficulties to lead to eccentricities
above roughly 0.3, while perturbations due to outer compan-
ions can lead to planets on highly elliptical orbits. Given our
sample size and measurement uncertainties, it is hard to un-
ambiguously determine whether such planets on highly ellip-
tical orbits are present in our sample, although our distribution
models (Figure 9) suggest that they do.
Outer companion perturbations would also imply that
single-tranet systems with significant eccentricities are ac-
companied by giant planets on orbits of approximately 1 AU
(Huang et al. 2017). Indirectly, this may lead to a correlation
between orbital eccentricity and stellar metallicity, but we find
no evidence of this. We also investigated the true multiplicity
of single-tranet systems. Although the intrinsic multiplicity is
often higher than the tranet multiplicity, as revealed by either
RV follow-up or TTV detections, the complete architecture of
the systems in our sample remains poorly understood.
If self-excitation is important, the observed multiplicity and
eccentricity may depend on stellar type, but our sample is
poorly suited to test such predictions: due to the requirement
of detecting stellar oscillations, the mass range of stars in our
sample is mostly limited to 0.8 − 1.5 M. Other predictions
of self-excitation, such as a higher bulk density for planets
on elliptical orbits at a given mass (for orbital periods beyond
the reach of photo-evaporation, Dawson et al. 2016), are cur-
rently hard to test due to the lack of RV observations for most
planets in our sample.
6. CONCLUSIONS
We conducted a careful modeling of planet transits for sys-
tems showing a single transiting planet (single-tranets), and
compared those with transit durations from asteroseismology
to determine the orbital eccentricity. We compared the ec-
centricity distribution of single-tranet systems with eccentric-
ities of multi-tranet systems, modeled the observed eccentric-
ity distribution, and compared the distributions to simulations
with various planet formation and evolution conditions.
• Systems with a single transiting planet exhibit higher
average eccentricities than systems with multiple tran-
siting planets. We try different eccentricity distribu-
tions, which are summarized in Table 3. A Rayleigh
and half-Gaussian distribution are intuitively simple,
while a Beta distribution may be more suitable to use
as a prior for future transit modeling work. We also
use a mixture model, which points to a significant com-
ponent (0.76+0.21−0.12) with a higher eccentricity for single-
tranet systems, while such a component is absent for
multi-tranets.
• Regardless of the adopted distributions, there is a clear
difference between single-tranet and multi-tranet sys-
tems. This difference remains present, even after cor-
recting for the possibility of false positives and the dis-
tribution of planet size and orbital period.
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• Simulations of an ensemble of systems investigating
self-excitation, and simulations investigating the influ-
ence of long-period giant companions, can both qual-
itatively explain our findings. The latter can lead to
planets with high eccentricities, while the former can
only explain eccentricities up to ≈ 0.3.
• Although several single-tranets show evidence of a
higher intrinsic multiplicity, through e.g. RV observa-
tions or TTV detections, we find no evidence that is
related to the orbital eccentricity. We also investigate
the role of giant planets in an indirect way, through the
stellar metallicity, and find no evidence of a correlation
with orbital eccentricity.
• Half of the systems in our sample have close compan-
ion stars. We find no difference in eccentricity distribu-
tions between planets orbiting single stars, and planets
orbiting a star with a close stellar companion.
• In Table 4, we list the stellar and planetary parameters
for this ‘gold sample’ of systems, which may be use-
ful for future studies, e.g. this sample clearly shows the
presence of the radius gap (Van Eylen et al. 2018).
The eccentricity distributions derived here may be used as
prior information for transit fits of future planet detections,
such as those by the upcoming TESS mission (Ricker et al.
2014). In turn, TESS will detect transiting planets orbiting
stars brighter than the Kepler systems considered in our sam-
ple, which may enable a more complete view of the intrinsic
architecture of single- and multi-tranet systems. This is likely
to help distinguish between the formation and evolution mod-
els that can explain the observed orbital eccentricities.
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APPENDIX
INDIVIDUAL PLANETARY SYSTEMS
Short-period planets
Our sample consists of 15 planets with orbital periods shorter than five days. Three of these systems are hot Jupiters: TrES-2b,
HAT-P-7b, and Kepler-7b. They all have eccentricities consistent with circular orbits. The other twelve short-period planets are
small. As expected, the majority of these systems has orbits consistent with circularity. There are three exceptions: HAT-P-11b,
Kepler-21b, and Kepler-408b. We briefly discuss these systems here.
HAT-P-11b
HAT-P-11b is a Neptune-sized planet orbiting its star each 4.9 days. Its eccentricity is found to have a modal value at 0.09,
with a 68% confidence interval of [0.06, 0.27]. This is small, but distinctly non-zero, as even at 95% confidence the eccentricity
is found to be within [0.06, 0.59], indicating that tides have not had a chance to fully circularize the orbit, or that eccentricity is
being pumped into the system. HAT-P-11 is also interesting because the obliquity of the system has been measured and the orbit
is found to be oblique (Winn et al. 2010; Sanchis-Ojeda & Winn 2011).
RV observations have independently measured the eccentricity of this planet to be 0.198 ± 0.046 (Bakos et al. 2010). This
value, which is fully consistent with our finding, provides further evidence that the transit duration method can indeed be used to
reliably determine eccentricities, even when they are moderate. An eccentric (e = 0.60 ± 0.03) outer planet companion on a long
period (P = 9.3 years) is present in the system (Yee et al. 2018).
Kepler-21b
Kepler-21b (Howell et al. 2012) is a super-Earth orbiting its star each 2.8 days. We find a modal eccentricity value is 0.26, with
a 68% confidence interval spanning [0.11, 0.49]. This is surprising, given the short orbital period of the planet. Nevertheless,
some caution is warranted: Kepler-21 is a spotted star, complicating the measurement. In addition, the 95% confidence interval
includes a circular orbit, and measures the eccentricity between [0, 0.80].
The RV signal of this planet was recently measured by Lo´pez-Morales et al. (2016). The authors determine a mass of 5.08 ±
1.72M⊕ and an eccentricity of 0.02±0.1, which is consistent with our finding at the 2σ level. It is therefore unclear if Kepler-21b
has a circular orbit, or a mildly eccentric one. A faint stellar companion was discovered near Kepler-21 (Ginski et al. 2016).
Kepler-408b
Kepler-408b is a small (0.689 ± 0.017R⊕) planet which orbits the star in 2.47 days.
We find a modal eccentricity value of 0.67, but due to the small size of the planet the error bars are large and at 95% the orbital
eccentricity is consistent with zero. Marcy et al. (2014) attempted to constrain the mass of this planet, but could only derive an
upper limit of 5M⊕, and they were therefore unable to constrain the eccentricity.
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Longer period planets
Our sample includes 34 systems with a single transiting planet orbiting with a period longer than five days. They display a
wider range of eccentricities. In Section 3.2.2, we discuss the eccentricity distribution of these systems. Here, we highlight a few
individual systems which show a non-zero eccentricity and which may be interesting for follow-up observations.
Kepler-410A b
The Kepler-410 system (Van Eylen et al. 2014) consists of a transiting planet on a 17.8 day orbit, and an additional planet,
which is revealed by transit timing variations (see Figure 1), as well as a nearby companion star. We find the orbit to be eccentric,
with a modal value of 0.2 and a 68% confidence interval of [0.14, 0.43]. These values are consistent with the transit duration
analysis by Van Eylen et al. (2014), although there a zig-zag-shaped model was used to remove the TTV signal, whereas here we
opt for the simpler sinusoidal model.
Asteroseismology has further constrained the inclination of the star to be i = 82.5(−2.5,+7.5)◦, making it one of the only
single-tranet (but multi-planet) systems for which the obliquity is well-constrained.
Kepler-95b
Kepler-95b is a super-Earth orbiting with a period of 11.5 days. With a 68% confidence interval for eccentricity of [0.26, 0.56],
the planet’s orbit is distinctly eccentric. The planet was confirmed by RV follow-up observations, which measured its mass to
be 13.0 ± 2.9 M⊕ (Marcy et al. 2014), implying a low planetary density (1.7 ± 0.4 g cm−3) with a large fraction of volatiles. No
companion stars were detected. Due to the low RV amplitude, this planet was fitted assuming a circular orbit.
Kepler-96b (KOI-261b)
Kepler-96b is a super-Earth with an orbital period of 16.3 days, and we find a relatively large eccentricity with a 68% confidence
interval of [0.31, 0.58]. Its mass was measured by Marcy et al. (2014) to be 8.46 ± 0.22 M⊕. A companion star was also detected
by Marcy et al. (2014), but this object is 7 magnitudes fainter and consequentially unlikely to influence our measurement. Due to
the small mass of the system, the RV signal was modeled assuming a circular orbit (Marcy et al. 2014).
Hirano et al. (2012) find the star to be oriented pole-on, by comparing the rotation period from Kepler photometry to spec-
troscopic v sin i measurements. This suggests that at least in this system, the high obliquity and high eccentricity could have a
common origin.
Kepler-432b
Kepler-432b is a Jupiter-sized planet orbiting its host star with a period of 52.5 days. The star itself is evolved and has a radius of
4.5 R. We find an eccentricity of 0.41, with a 68% confidence interval at [0.29, 0.62]. This system was the object of three recent
and simultaneous studies, which monitored the RV signal of the star. This resulted in planetary mass estimates of 4.87± 0.48 MJ
(Ciceri et al. 2015), 5.84 ± 0.05 MJ (Ortiz et al. 2015), and 5.41+0.32−0.18 MJ (Quinn et al. 2015). These authors also constrained the
eccentricity to respectively 0.535± 0.030, 0.478± 0.004, and 0.5134+0.0098−0.0089, measurements which are all fully consistent with our
eccentricity measurement. Quinn et al. (2015) also measured the stellar parameters using asteroseismology, and used the stellar
density to constrain the eccentricity from the transit photometry, in a method that is similar to what is employed here. From this,
they find the eccentricity to be 0.507+0.039−0.114, which is consistent with our measurement.
Furthermore, it appears that the stellar spin is well aligned with the orbit of the planet (Quinn et al. 2015). A long-period planet
companion was also detected from RV observations, orbiting with a period of 406 days (Quinn et al. 2015).
KOI-367b
KOI-367b is a Neptune-sized planet candidate orbiting its host star each 31.6 days. We find a very high eccentricity, with a
modal value of 0.77 and a 68% confidence interval of [0.73, 0.84]. Adding to the interest of the system, Hirano et al. (2012)
find that the star’s spin-orbit is likely misaligned. Nevertheless, a word of caution is required since this object is an unconfirmed
planet candidate. RV follow-up observations of this system may be able to confirm the planet’s presence, as well as measure its
mass and refine its eccentricity measurement.
Kepler-643b
Kepler-643b (Morton et al. 2016) is a Jupiter-sized planet orbiting its host star in 16.3 days. We find a modal eccentricity value
of 0.27, and a 68% confidence interval of [0.21, 0.49], indicating that the orbit of this planetary candidate deviates significantly
from circularity.
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e (mode) e (68%) Rp [R⊕] Period [d] M? [M] R? [R] ρ? [g/cm3]
TrES-2 KOI-1.01 0.01 [0.0, 0.1] 13.21 ± 0.28 2.47061340(2) 0.97 ± +0.08 0.96 ± +0.02 1.548 ± 0.042
HAT-P-7 KOI-2.01 0.01 [0.0, 0.13] 16.88 ± 0.26 2.20473543(3) 1.55 ± +0.10 1.99 ± +0.03 0.279 ± 0.014
HAT-P-11 KOI-3.01 0.09 [0.06, 0.27] 4.887 ± 0.065 4.88780240(15) 0.86 ± +0.06 0.76 ± +0.01 2.743 ± 0.082
Kepler-4 KOI-7.01 0.02 [0.0, 0.21] 4.22 ± 0.12 3.21367134(91) 1.09 ± +0.07 1.55 ± +0.04 0.410 ± 0.018
Kepler-410 KOI-42.01 0.18 [0.13, 0.42] 2.786 ± 0.045 17.833613(47) 1.22 ± +0.07 1.35 ± +0.02 0.700 ± 0.030
Kepler-93 KOI-69.01 0.02 [0.0, 0.18] 1.477 ± 0.033 4.72673930(86) 0.89 ± +0.07 0.91 ± +0.02 1.642 ± 0.049
KOI-75.01 0.02 [0.0, 0.18] 10.72 ± 0.29 105.88162(75) 1.32 ± +0.07 2.58 ± +0.07 0.1085 ± 0.0099
Kepler-22 KOI-87.01 0.38 [0.0, 0.45] 1.806 ± 0.029 289.8655(19) 0.85 ± +0.05 0.83 ± +0.01 2.127 ± 0.059
KOI-92.01 0.37 [0.26, 0.69] 3.00 ± 0.13 65.70453(17) 1.08 ± +0.11 1.05 ± +0.03 1.316 ± 0.039
Kepler-7 KOI-97.01 0.01 [0.0, 0.15] 17.68 ± 0.36 4.8854862(12) 1.28 ± +0.07 1.97 ± +0.04 0.237 ± 0.015
Kepler-14 KOI-98.01 0.04 [0.0, 0.2] 12.87 ± 0.26 6.7901237(20) 1.34 ± +0.08 2.02 ± +0.04 0.228 ± 0.014
Kepler-464 KOI-107.01 0.11 [0.0, 0.29] 3.44 ± 0.10 7.257038(45) 1.2 ± +0.08 1.6 ± +0.04 0.411 ± 0.018
Kepler-467 KOI-118.01 0.23 [0.0, 0.41] 2.26 ± 0.09 24.99337(21) 1.01 ± +0.07 1.36 ± +0.04 0.562 ± 0.024
Kepler-95 KOI-122.01 0.39 [0.26, 0.56] 3.290 ± 0.094 11.5230844(97) 1.12 ± +0.08 1.45 ± +0.04 0.523 ± 0.018
Kepler-506 KOI-257.01 0.02 [0.0, 0.21] 3.088 ± 0.082 6.8834081(26) 1.23 ± +0.1 1.2 ± +0.03 1.006 ± 0.038
Kepler-96 KOI-261.01 0.39 [0.31, 0.58] 2.647 ± 0.088 16.2384819(93) 1.03 ± +0.1 0.94 ± +0.03 1.740 ± 0.051
KOI-268.01 0.12 [0.07, 0.38] 3.043 ± 0.076 110.381 (n/a) 1.2 ± +0.07 1.36 ± +0.03 0.678 ± 0.030
KOI-269.01 0.03 [0.0, 0.46] 1.549 ± 0.047 18.01181(12) 1.33 ± +0.08 1.45 ± +0.02 0.623 ± 0.034
Kepler-454 KOI-273.01 0.04 [0.0, 0.35] 2.38 ± 0.094 10.573754(12) 1.15 ± +0.11 1.1 ± +0.03 1.204 ± 0.032
Kepler-509 KOI-276.01 0.44 [0.01, 0.47] 2.67 ± 0.20 41.746009(97) 1.05 ± +0.07 1.19 ± +0.02 0.886 ± 0.025
KOI-280.01 0.1 [0.0, 0.35] 2.190 ± 0.068 11.872877(11) 1.03 ± +0.09 1.04 ± +0.02 1.282 ± 0.039
Kepler-510 KOI-281.01 0.14 [0.09, 0.62] 2.350 ± 0.077 19.556464(62) 0.81 ± +0.11 1.38 ± +0.04 0.432 ± 0.026
KOI-288.01 0.17 [0.07, 0.41] 3.208 ± 0.055 10.275375(31) 1.41 ± +0.08 2.09 ± +0.03 0.2179 ± 0.0099
KOI-319.01 0.02 [0.0, 0.22] 10.36 ± 0.25 46.15113(37) 1.29 ± +0.06 2.08 ± +0.04 0.201 ± 0.013
KOI-367.01 0.77 [0.73, 0.84] 4.72 ± 0.15 31.578671(12) 1.11 ± +0.09 1.03 ± +0.03 1.438 ± 0.037
Kepler-540 KOI-374.01 0.04 [0.0, 0.53] 2.947 ± 0.064 172.70681(75) 0.88 ± +0.06 1.15 ± +0.02 0.807 ± 0.031
Kepler-643 KOI-674.01 0.27 [0.21, 0.49] 11.29 ± 0.78 16.338888(59) 1.27 ± +0.22 2.78 ± +0.19 0.0831 ± 0.0056
KOI-974.01 0.14 [0.0, 0.32] 2.601 ± 0.060 53.50593(20) 1.21 ± +0.08 1.85 ± +0.04 0.269 ± 0.017
Kepler-21 KOI-975.01 0.26 [0.11, 0.49] 1.707 ± 0.043 2.7858219(84) 1.27 ± +0.08 1.85 ± +0.03 0.285 ± 0.016
Kepler-805 KOI-1282.01 0.04 [0.0, 0.39] 2.611 ± 0.095 30.8633(10) 1.08 ± +0.07 1.59 ± +0.03 0.376 ± 0.017
Kepler-432 KOI-1299.01 0.42 [0.29, 0.63] 14.7 ± 2.1 52.5019(11) 1.69 ± +0.6 4.51 ± +0.63 0.0254 ± 0.0042
Kepler-815 KOI-1314.01 0.34 [0.03, 0.5] 4.98 ± 0.60 8.57522(22) 1.69 ± +0.5 3.88 ± +0.43 0.0409 ± 0.0042
Kepler-407 KOI-1442.01 0.02 [0.0, 0.3] 1.141 ± 0.041 0.6693127(20) 1.02 ± +0.07 1.02 ± +0.02 1.344 ± 0.035
Kepler-408 KOI-1612.01 0.67 [0.47, 0.87] 0.689 ± 0.017 2.465024(17) 1.02 ± +0.07 1.21 ± +0.02 0.816 ± 0.025
Kepler-907 KOI-1613.01 0.33 [0.03, 0.5] 1.403 ± 0.081 15.86631(51) 0.99 ± +0.08 1.34 ± +0.03 0.580 ± 0.024
Kepler-910 KOI-1618.01 0.03 [0.0, 0.33] 0.828 ± 0.049 2.364388(32) 1.29 ± +0.09 1.5 ± +0.03 0.537 ± 0.024
Kepler-911 KOI-1621.01 0.43 [0.09, 0.59] 2.44 ± 0.11 20.30895(73) 1.22 ± +0.08 1.93 ± +0.04 0.239 ± 0.016
Kepler-997 KOI-1883.01 0.14 [0.0, 0.36] 1.304 ± 0.072 2.707295(36) 1.09 ± +0.18 1.48 ± +0.07 0.468 ± 0.027
Kepler-1002 KOI-1890.01 0.07 [0.0, 0.32] 1.609 ± 0.046 4.336422(31) 1.18 ± +0.07 1.54 ± +0.02 0.452 ± 0.016
Kepler-409 KOI-1925.01 0.05 [0.0, 0.42] 1.148 ± 0.048 68.95825(29) 0.95 ± +0.08 0.9 ± +0.02 1.824 ± 0.054
KOI-1962.01 0.81 [0.59, 0.96] 2.51 ± 0.14 32.85861(58) 1.04 ± +0.07 1.5 ± +0.04 0.440 ± 0.020
KOI-1964.01 0.13 [0.0, 0.37] 0.668 ± 0.029 2.2293226(85) 0.93 ± +0.11 0.88 ± +0.03 1.897 ± 0.058
Kepler-1219 KOI-2390.01 0.63 [0.37, 0.85] 3.42 ± 0.37 16.1046(12) 1.38 ± +0.5 2.68 ± +0.25 0.101 ± 0.024
KOI-2462.01 0.06 [0.0, 0.35] 1.491 ± 0.083 12.14533(70) 1.19 ± +0.1 1.71 ± +0.04 0.332 ± 0.016
Kepler-1274 KOI-2545.01 0.03 [0.0, 0.37] 1.441 ± 0.071 6.98156(21) 1.38 ± +0.07 2.16 ± +0.04 0.193 ± 0.011
Kepler-1298 KOI-2632.01 0.19 [0.0, 0.39] 1.588 ± 0.089 7.12836(47) 1.37 ± +0.17 2.16 ± +0.07 0.192 ± 0.024
KOI-2706.01 0.03 [0.0, 0.38] 1.797 ± 0.082 3.097597(22) 1.26 ± +0.18 1.86 ± +0.08 0.276 ± 0.037
Kepler-1392 KOI-2792.01 0.04 [0.0, 0.35] 0.684 ± 0.052 2.128229(24) 0.99 ± +0.15 1.3 ± +0.06 0.631 ± 0.030
KOI-2801.01 0.03 [0.0, 0.37] 0.870 ± 0.061 6.99180(16) 1.12 ± +0.17 1.45 ± +0.06 0.513 ± 0.027
Kepler-1394 KOI-2956.01 0.04 [0.0, 0.45] 1.04 ± 0.11 3.93800(32) 1.51 ± +0.21 1.98 ± +0.08 0.276 ± 0.035
KOI-3168.01 0.23 [0.14, 0.57] 0.988 ± 0.076 56.382(45) 1.03 ± +0.16 1.55 ± +0.07 0.392 ± 0.025
TABLE 4 Determined parameters for the short-period (top) and long-period planet
candidates in our sample. The stellar parameters (M?, R? and ρ?) are from Lundkvist
et al. (2016).
